The objective was to determine important dry and calving period predictors of: 1) a dairy cow 4 developing hyperketonemia at any time between 3 and 16 d in milk and 2) a dairy cow 5 developing hyperketonemia between 3 and 5 d in milk. The results suggest that increased parity 6 is one of the biggest predictors of hyperketonemia development in early lactation, with additional 7 important factors including greater pre-calving body condition, higher pre-calving blood NEFA 8 concentration, and some variables related to the calving process itself. These results can be used 9
INTRODUCTION 53
All dairy cows transition through a state of negative energy balance during early lactation 54 when the energy demands of milk production cannot be met by feed intake alone (Bauman and 55 Currie, 1980; Baird, 1982; Herdt, 2000) . Cows unable to adequately transition through this 56 period often develop hyperketonemia, an excessive elevation of ketone bodies in the blood 57 (Herdt, 2000) . The negative impacts of hyperketonemia on individual cow health and dairy 58 economics are well reported. Hyperketonemic cows are more likely to develop displaced 59 abomasa (Leblanc et al., 2005; Duffield et al., 2009; Ospina et al., 2010a) and be culled than 60 non-hyperketonemic cows (Gröhn et al., 1998; McArt et al., in revision) . In addition, 61 hyperketonemia has been found to result in a substantial loss in milk yield during early lactation 62 (Dohoo and Martin, 1984; Duffield et al., 2009; Ospina et al., 2010b) . Economic losses due to 63 treatment costs, increased culling, and decreased milk production have been estimated at $211 64 per case of clinical hyperketonemia (Charles Guard, personal communication, 2012) and $78 per 65 case of subclinical hyperketonemia (Geishauser et al., 2001) . McLaren et al. (2006) found that 66 an economic index of return over feed (milk income minus feed cost) in Ontario dairy herds 67 decreased by $0.015 per cow per d for every percent increase in the herd incidence of subclinicalmoderately lame, and severely lames cows, respectively. In the NY herds, blood was collected 114 from the coccygeal vessels of each cow using a tube without anticoagulant and a 20 gauge x 2.54 115 cm blood collection needle. Samples were immediately placed on ice and serum separated in a 116 centrifuge at 2000 x g for 10 minutes within 1 hr of collection. Serum samples were kept on ice 117 until laboratory analysis (Stokol and Nydam, 2005) . Body condition and lameness were scored 118 by one individual in each region throughout the study. Additional post-calving data exported 119 throughout the study period from each farm's Dairy Comp 305 program included previous days 120 carried calf (PDCC), calving ease (CEASE, using a 1 to 5 scale with 1 representing no 121 assistance and 5 representing extreme assistance), calf sex (CSEX), twins, stillbirth, and parity. 122
To determine an outcome of hyperketonemia, cows were tested from 3 to 16 DIM on 123
Mondays, Wednesdays, and Fridays for hyperketonemia using a Precision Xtra meter (Abbott 124 Laboratories, Abbott Park, IL). The Precision Xtra meter is a handheld device used to test blood 125 BHBA concentrations; sensitivity and specificity compared to serum BHBA concentrations 126 determined photometrically are 88 to 96% and 96 to 98%, respectively, when using a cut-off 127 value of ≥ 1.2 mmol/L (Iwersen et al., 2009; Konkol et al., 2009) . Given this testing scheme, 128 each cow was sampled 6 times, beginning at 3, 4, or 5 DIM and ending on 14, 15, or 16 DIM. 129 Hyperketonemia was defined as a BHBA concentration of ≥ 1.2 mmol/L. All hyperketonemia 130 testing of cows from 3 to 16 DIM was completed by the research team during the study. 131
Cows were excluded from the analysis if their PDCC was less than 260, if they died or 132 were sold before their first BHBA test, or for lack of proper identification. Additionally, for the 133 outcome concerning the development of hyperketonemia at any time between 3 and 16 DIM, 134 cows remaining in the herd through 16 DIM were excluded if they had fewer than 5 BHBA tests. 135
For the outcome concerning hyperketonemia at first BHBA test, cows without a recorded BHBAasked to sign a consent form agreeing to the proposed data collection and testing protocol. 141
142

Statistical Analysis 143
Two predictive models were developed: 1) hyperketonemia at any time between 3 and 16 144 DIM (HYPERKETONE), and 2) hyperketonemia at first BHBA test (HYPERKETONE1). Each 145 predictive model was developed using two differing data sets: 1) data from all herds which 146 excluded blood NEFA concentration from the NY herds, or 2) data from the NY herds which 147 included blood NEFA concentration. For the subjective measurements of BCS and LS, the 148 weighted kappa values (Landis and Koch, 1977) , a measure of agreement, between the raters 149 were 0.19 (slight) and 0.49 (moderate), respectively. Given only a slight agreement between 150 raters for BCS, a within rater adjustment was performed. The BCS of cows by each rater was 151 grouped into three categories (1, 2, 3) based on cows with a BCS less than the median, the 152 median score, or a BCS greater than the median, respectively. The weighted kappa value 153 comparing body condition score group (BCSG) between raters was 0.60 (moderate). Variables 154 used for analysis were categorical and included herd, BCSG (1, 2, 3), LS (1 or 2, 3 or 4), NEFA ( 155 < 0.30 mEq/L, ≥ 0.30 mEq/L), CEASE (1, 2, ≥ 3), CSEX (female(s), at least one male), twins, 156 stillbirth (live calf or calves, at least one dead calf), PDCC ( < 272, ≥ 272), and parity (lactation 157 1, lactation 2, lactation ≥ 3). Cows with pre-partum NEFA values were only included if blood 158 was obtained between 14 and 3 d prior to calving and if the hemolytic index was < 300 in thesample (Stokol and Nydam, 2006) . Pre-partum blood NEFA concentration was categorized 160 based on studies showing the negative effects of pre-partum NEFA ≥ 0.30 mEq/L on post-161 partum outcomes (Cameron et al., 1998; Ospina et al., 2010b) . The continuous variable PDCC 162 was categorized into early parturition (less than one standard deviation below the mean) or 163 normal to prolonged gestation (equal to or greater than one standard deviation above the mean). 164
Not all data were available for all eligible cows, and only cows will complete data were included 165 in the analyses. 166
Descriptive statistics, chi-square tests and analyses of variance, were generated with the 167 FREQ and GLM procedures of SAS (SAS Inst. Inc., Cary, NC). The assumptions of normality 168 and homoscedasticity were tested and upheld for BHBA concentration at first positive test for all 169 risk factors before performing analyses of variance. Correlation between variables was 170 determined using the CORR procedure of SAS with variables considered to be associated if their 171 correlation coefficient was ≥ 0.3; no variables met this criteria. 172
The prediction models were produced using fixed effects multivariable Poisson 173 regression with the GENMOD procedure of SAS (Frome and Checkoway, 1985; Spiegelman and 174 Hertzmark, 2005; Ospina et al., 2012) with an adjustment for overdispersion. All putative risk 175 factors were explored for their univariate association with the outcome of interest using a chi-176 square test. Any variable with a P < 0.20 was offered to a multivariable model. Multivariable 177 models were then formed manually via backwards stepwise elimination if P > 0.05. Any 178 remaining variables were offered to the model in pairwise interactions if biologically important; 179 the interactions were then removed manually via backwards stepwise elimination if P > 0.05. 180 fit (Steyerberg et al., 2010 concentrations (for the NY herds), and PDCC are in Figure 1 . Descriptive statistics for the 193 HYPERKETONE prediction models for all 4 herds and the 2 NY herds are in Table 1 and Table  194 2, respectively. Descriptive statistics for the HYPERKETONE1 prediction models for all 4 195 herds and the 2 NY herds are in Table 3 and Table 4 , respectively. The incidence of 196 hyperketonemia in cows repeatedly tested from 3 to 16 DIM was 45.7%; the incidence of 197 hyperketonemia in cows at their first BHBA test at 3 to 5 DIM was 23.0%. Table 8 . No interactions were found between variables. An 87% predictive concordance 220 was found with the observed results using this model. and 2) a cow having hyperketonemia at her first BHBA test. Results suggest that in addition to 226 variations in incidence of hyperketonemia between herds, advanced parity may be one of the 227 biggest predictors of hyperketonemia development in early lactation. Moreover, increased BCS 228 pre-calving, increased pre-calving blood NEFA concentration, and variables related to the 229 calving process may help to identify at risk animals before hyperketonemia develops. 230
The important predictors in the model determining the probability of hyperketonemia 231 development at any time between 3 and 16 DIM in all 4 herds included the variables BCSG, 232 parity, and herd. A parity by herd interaction was also present, which precludes interpretation of 233 the parity and herd variables individually. The model determined that cows in BCSG 1 and 2 234 were less likely to develop hyperketonemia than cows in BCSG 3; thus there was an increased 235 risk of hyperketonemia development in overweight cows with a BCS greater than the median 236 score of cows in the herd. These results are in agreement with Gillund et al. (2001) who found 237 that cows with a BCS of ≥ 3.5 at calving were associated with an increased odds of 238 hyperketonemia in early lactation. Multiple studies have reported on the association between 239 cows overfed during the dry off period and a greater negative energy balance during their 240 subsequent lactation (Contreras et al., 2004; Dann et al., 2006; Janovick et al., 2011) . In 241 addition, Hayirli et al. (2006) found that dry matter intake in the final 3 wk of gestation 242 decreased linearly as BCS increased. From these studies, it follows that cows with an increased 243 BCS at calving have an increased risk of periparturient diseases associated with a greater 244 negative energy balance such as hyperketonemia. 245
The presence of a parity by herd interaction shows that the risk of hyperketonemia 246 development for each parity group varied depending from which herd they originated. For all 247 herds except farm B, cows in parity 1 and parity 2 were less likely to develop hyperketonemia 248 than cows in parity ≥ 3. Specifically, cows in parity ≥ 3 were 2.0 (95% CI = 1.5 to 2.6) times 249 more likely on farm A, 1.7 (95% CI = 1.2 to 2.4) times more likely on farm C, and 1.4 (95% CI 250 = 1.2 to 1.7) times more likely on farm D to develop hyperketonemia than cows in parity 1 in 251 each herd, respectively. Cows on farm B had the same risk of hyperketonemia development no 252 matter their parity. This may be due to increased monitoring of older cows or the fact that farm 253 B had the lowest incidence of hyperketonemia among the 4 farms at 27.1% versus 42.6%, 254 43.5%, and 58.1% on farms A, C, and D, respectively. From these data it can be suggested that 255 older cows (parity ≥ 3) are at a higher risk of developing hyperketonemia than younger cows. 256
These results are in agreement with many authors that have reported an increase in the 257 prevalence or odds of hyperketonemia in early lactation with increasing parity (Kauppinen et al., 258 1983; Groh et al., 1989; Duffield et al., 1997) . 259
For the model determining the probability of hyperketonemia development at any time 260 between 3 and 16 DIM in the NY herds, the important predictor variables were pre-calving 261 NEFA, calf sex, parity, and herd. It is well known that herd management factors are an 262 important predictor of hyperketonemia development in cows, and it is therefore likely that a 263 cow's risk of hyperketonemia may be greater solely due to the fact that she resides in a certain 264 herd. For example, cows in this study from farm B were 0.7 times as likely to develop 265 hyperketonemia as cows from farm A. Similar to the model with data from all 4 herds, cows in 266 parity 1 and 2 were less likely to develop hyperketonemia than cows in parity ≥ 3. Additionally, 267 cows that gave birth to male calves were 1.4 times more likely to develop hyperketonemia than 268 cows birthing female calves. Although the larger size of male calves has been associated withdevelopment in these studies. Male calves may require more energy in late gestation due to their 272 larger size and this increased energy requirement may result in a larger negative energy balance 273 in early lactation, leading to an increased risk of hyperketonemia development. However, calf 274 sex was not an important predictor of hyperketonemia in the model with data from all 4 herds 275 suggesting that herd and parity may be more important variables to monitor. 276
Cows from NY with pre-calving blood NEFA concentrations ≥ 0.30 mEq/L were 1.3 277 times more likely to develop hyperketonemia between 3 and 16 DIM than cows with NEFA 278 concentrations < 0.30 mEq/L. As BCSG was not an important predictor of hyperketonemia in 279 this model, it follows that pre-calving blood NEFA concentrations were a better indicator of 280 hyperketonemia development between 3 and 16 DIM than pre-calving body condition. Although 281 pre-calving blood NEFA concentrations are a less subjective measure than BCS, the cost of labor 282 to collect blood and process samples as well as the expense to run the test in a diagnostic lab, 283 currently $11.00 per sample at the New York State Animal Health Diagnostic Center 284 (ahdc.vet.cornell.edu/test), makes collection of pre-calving NEFA data less attractive. Based on 285 the results of the prediction model using all 4 herds, if the cost of collection and processing 286 prevent availability of pre-calving NEFA data, a simpler though less predictive measurement 287 would include pre-calving BCS, assuming is consistently scored on a farm by the same 288 individual. 289
The important variables from the model using data from all 4 herds to predict 290 hyperketonemia at first BHBA test were similar to those discussed above for predicting 291 hyperketonemia at any time between 3 and 16 DIM, specifically calf sex, herd, and a parity byBCSG interaction. Additionally, cows birthing male calves were 1.2 times more likely to have 293 hyperketonemia at first BHBA test between 3 than cows that delivered females. The parity by 294 BCSG interaction showed no increase in risk of hyperketonemia for parity 1 cows, regardless of 295 their BCSG. However, parity 2 cows in BCSG 3 and parity 3 cows in BCSG 2 or 3 were 296 approximately twice as likely to have hyperketonemia at first BHBA test than parity 1 cows in 297 BCSG 1. These results suggest that older cows with greater body condition are at a higher risk 298 of early lactation hyperketonemia development, and that parity 1 cows are somehow able to 299 compensate for the increased risk associated with a greater body condition. It can be postulated 300 that this compensation may be due to the fact that parity 1 cows make less milk than older 301 animals and thus less energy is needed for milk production, decreasing the magnitude of negative 302 energy balance in these young cows. 303
For the model predicting hyperketonemia development at first BHBA test using only data 304 from the NY herds, the important predictor variables were pre-calving NEFA, calf sex, calving 305 ease, stillbirth, and parity. As with the other models, cows birthing male calves were more likely 306 to develop hyperketonemia than cows birthing females, and parity 3 cows had a higher risk of 307 hyperketonemia development than parity 1 or 2 cows. Similarly to the NY model predicting 308 hyperketonemia at any time between 3 and 16 DIM, cows with pre-calving NEFA ≥ 0.30 mEq/L 309 were more likely to develop hyperketonemia at first BHBA test than cows with pre-calving 310 NEFA < 0.30 mEq/L. However, the magnitude of the NEFA effect was greater for the model 311 predicting hyperketonemia at first BHBA test, with high NEFA cows almost twice as likely to 312 have hyperketonemia at first BHBA test compared to low NEFA cows. In addition to the 313 aforementioned variables, cows with a calving ease ≥ 3 and cows delivering at least one stillborn 314 calf were 2.6 and 2.2 times more likely to develop hyperketonemia than cows with a calving easeof 1 or cows birthing live calves, respectively. It is likely that cows with difficult births have a 316 decreased dry matter intake in early lactation, and it is possible that this decrease in intake has a 317 negative effect on energy balance in early lactation which increases the risk of hyperketonemia. 318
The models developed to predict hyperketonemia at first BHBA test had a higher 319 predictive concordance at 78% (all 4 herds) and 87% (NY herds) than the models predicting 320 hyperketonemia at any time between 3 and 16 DIM at 64% (all 4 herds) and 69% (NY herds). 321
Predictive concordance is a measure of model accuracy. For example, the NY model for 322 hyperketonemia at first BHBA test correctly predicted 87% of cows that developed 323 hyperketonemia during that time frame in the sampled NY herds. The models predicting 324 hyperketonemia at first BHBA test may be more accurate than those predicting hyperketonemia 325 at any time between 3 and 16 DIM because the effect of dry and calving period predictors may 326 wane as time progresses. However, since 75% of cows hyperketonemia positive cows in this 327 study first tested positive between 3 and 7 DIM (McArt et al., accepted), it is reasonable to 328 suggest that the early predictor models may be of greater benefit than the models predicting 329 hyperketonemia at any time between 3 and 16 DIM. 330 A cow's risk for developing hyperketonemia depends in which herd she resides, with 331 cows in herds with a high incidence of early lactation hyperketonemia at a greater risk of 332 developing hyperketonemia themselves. Within herds, the best predictors of early lactation 333 hyperketonemia development in this study included parity, pre-calving NEFA, pre-calving BCS, 334 and birth of a male calf. From these results it can be suggested that increased monitoring and 335 testing of fresh cows be focused on parity ≥ 3 cows, cows entering lactation with a blood NEFA 336 concentration ≥ 0.3 mEq/L or BCS greater than the median of the herd, and cows that had 337 difficulty giving birth or birthed male calves. However, these results do not suggest that cows inparity 1 or thin cows do not develop hyperketonemia in early lactation, only that they are at a 339 decreased risk of developing the disease. 340
341
CONCLUSIONS 342
Advanced parity was a major predictor of hyperketonemia development in early lactation 343 after herd level hyperketonemia incidence was taken into account. Additionally, increased pre-344 calving BCS , increased pre-calving blood NEFA concentration, and variables related to a more 345 difficult calving process (high calving ease score or stillbirth) may help identify at risk animals 346 before hyperketonemia develops. 
